INTRODUCTION
============

Methods for treatment of craniopharyngioma have been controversial for a long time, and no standard method is yet employed. Microsurgical total removal is ideal for a benign intracranial tumor,^[@ref1],[@ref2])^ but access is not easy because the tumor arises from the hypothalamic-pituitary area. Associated problems involve postoperative complications (including death) or morbidity leading to deterioration of the quality of life (QOL) of the patients, and recurrence of the tumor. While fractionated radiotherapy after partial removal^[@ref3]-[@ref9])^ has been shown to be effective for tumor control and improved patient survival, there are still problems such as tumor regrowth and radiation injury to vital organs such as the optic nerves or the hypothalamic-pituitary axis. Currently, stereotactic radiosurgery is used for treatment of residual or recurrent tumors instead of fractionated radiotherapy.^[@ref10]-[@ref15])^ We have been performing gamma knife radiosurgery (GKR) for craniopharyngioma since 1991 at a single center and reported the results^[@ref13]-[@ref15])^ along with discussion of the treatment strategy.^[@ref16],[@ref17])^

To devise strategies for prevention of regrowth and to improve the QOL of patients, we studied factors related to recurrence of craniopharyngioma by statistical analysis.

MATERIALS & METHODS
===================

One hundred seven cases of craniopharyngioma have been treated by GKR after biopsy, partial removal, or at the time of recurrence at Komaki City Hospital during the past 12 years. Of these cases, 100 were followed up for periods ranging from 6 to 148 months. The patients comprised 36 children (age at diagnosis ≤17 years) and 64 adults, and the male: female ratio was 54: 46. The type of tumor was classified as solid in 40 cases, cystic in 24 and mixed in 36. Treatments prior to GK were surgery, including subtotal removal in 24 cases, partial removal in 107 times, biopsy in 10 cases, placement of an Ommaya reservoir in 26, and V-P shunt in 5. Conventional focal irradiation and bleomycin sulfate chemotherapy were performed in 13 and 3 cases, respectively. The mean tumor diameter and volume were 18.8 mm and 3.5 ml, respectively. Sixty-two cases were treated for a residual tumor after intentional partial removal and 38 were treated for a recurrent tumor after a variety of treatments. These tumors were treated with GKR using a mean maximum dose of 21.8 Gy and a marginal dose of 11.5 (10\~18) Gy employing a mean number of 4.5 isocenters. "Intentional partial removal" means extensive but limited microsurgical removal of the tumor to prevent severe hypothalamic damage.

Dose planning was made using Gamma Plan (Elekta Instruments AB, Stockholm, Sweden). Reduction of the tumor volume and marginal dose was attempted during the study to minimize any optic or hypothalamic neuropathy and to determine the optimal dose for craniopharyngioma. The mean marginal dose was gradually decreased to 10.7 Gy in the most recent 31 cases, whereas the dose was 12.7 Gy in the earliest 30 cases. The mean tumor volume was also smaller (3.1 ml) in the most recent cases than in the earliest cases (5.1 ml).

After treatment, patients were followed up using brain MRI, and checks for neurological and endocrinological changes and side effects every 3 to 6 months. The tumor findings on MRI were classified into four groups: CR (tumor disappearance), PR (≥25% decrease in tumor volume), NC (no change or \<25% decrease in volume), and PG (increase in volume). In order to clarify the prognostic factors for recurrence of craniopharyngioma, nine factors were chosen from past studies and assessed by Cox analysis: gender, patient age, child or adult, partial removal, tumor diameter, tumor type, pathological type, number of previous treatments, and radiation dose. Recurrence-free survival was estimated by the Kaplan-Meier method.

RESULTS
=======

The mean follow-up period in the 100 studied cases was 65.5 months, with a median of 63 months. Two patients were lost to follow-up because they moved out of the locality. The tumor response, assessed in the remaining 98 cases, was CR in 19 cases (19.4%), PR in 47 (48%), NC in 12 (12.2%), and PG in 20 (20.4%).

The CR group had a child: adult ratio of 4:15 with a mean age of 37.4 years. Solid tumors were found in 12 cases and cyst/mixed type in 7. The mean tumor diameter was less than 2 cm in 16 cases and greater than or equal to 2 cm in 3 cases. The mean number of previous treatments was 1.31 and no patient received radiotherapy prior to GKR. The MRI findings in the CR patients remained stable for a mean period of 75.1 months. Only one accidental death occurred at 9 years after the treatment.

The PG group had a child: adult ratio of 12:8 and a mean age of 27 years. The tumor was solid in 3 cases and cyst/mixed in 17. There was a mean of 2.47 previous treatments per person, and 5 patients received radiotherapy prior to GKR. The tumor diameter was more than 2 cm in 12 cases. The cause of tumor progression was cyst enlargement in 9 cases (45%), regrowth in 8 (40%) and development of new lesions in 3 (15%). The mean time to progression was 24.5 months. These tumors were treated by repeated surgery in 14 cases, and by a second GKR in one. The other 5 cases received no treatment. The outcome was excellent in one case, good in 4, fair in 3, poor in 2, and 8 patients died.

The overall results for the 98 cases treated by GKR were a tumor control and response rate of 79.5% and 67.4%, respectively, and a 5- and 10-year actuarial survival rate of 94.1% and 91.0%, respectively. However, the recurrence-free survival rate at 5 and 10 years was lower at 73.6% and 60.2%, respectively ([Fig. 1](#fig1){ref-type="fig"}).

![Kaplan-Meier estimates: Recurrence-free survival after GK therapy.](2186-3326-74-0141-g001){#fig1}

Univariate Cox analysis showed that tumor diameter hazard ratio (HR) 1.10, 95% confidence interval (CI) 1.04--1.15, p=0.0003, radiation dose (HR 0.64, 95% CI 0.44--0.92, p=0.015), solid tumor type (HR 0.39, 95% CI 0.14--0.99, p=0.046), number of previous treatments (HR.2.57, 95% CI 1.03--6.45, p=0.043) and pathological type (HR 0.32, 95% CI 0.11--0.93, p=0.036) were factors significantly related to outcome.

Multivariate analysis showed that tumor diameter (HR 1.08, 95% CI 1.03--1.14, p=0.0041) and radiation dose (HR 0.74, 95% CI 0.53--0.99, p=0.036) were independent predictive factors ([Table 1](#table1){ref-type="table"}). Furthermore, to maximize the prognostic power of tumor diameter and radiation dose, the cut-off levels were determined using receiver operating characteristic (ROC) analysis (AUC=0.79 for tumor diameter and 0.60 for radiation dose). These levels were 19 mm for tumor diameter and 13.2 Gy for marginal dose ([Fig. 2](#fig2){ref-type="fig"}). On this basis, the 10-year recurrence-free survival rate was significantly lower in the group with a tumor diameter of ≥19 mm than in the group with a tumor diameter of \<19 mm (38.0% vs. 89.4%, HR 6.89, 95% CI 2.36--20.0, p\<0.0001) ([Fig. 3](#fig3){ref-type="fig"}). A marginal dose of \>13.2 Gy was also a favorable prognostic factor (92.9% vs. 46.7%, HR 0.12, 95% CI 0.02--0.88, p=0.012) ([Fig. 4](#fig4){ref-type="fig"}).

###### 

Predictive value of clinical characteristics for tumor recurrence by Cox Analysis

                               Non-adjusted          Adjusted                         
  ---------------------------- --------------------- ---------- --------------------- -------
  Gender (male)                0.83 (0.38--1.81)     0.63                             
  Age                          0.99 (0.97*--*1.01)   0.23                             
  Children\<17 years           1.07 (0.48*--*2.37)   0.87                             
  Partial removal with GKR     0.59 (0.27*--*1.29)   0.19                             
  Tumor size (mm)              1.10 (1.04*--*1.15)   0.0003     1.07 (1.01*--*1.14)   0.017
  Tumor type (Solid)           0.39 (0.14*--*0.99)   0.046      0.62 (0.22*--*1.75)   0.37
  Pathological type (Squam.)   0.32 (0.11*--*0.93)   0.036      0.73 (0.06*--*2.26)   0.79
  Previous treatment ≥ 2       2.57 (1.03*--*6.45)   0.043      1.32 (0.48*--*3.61)   0.58
  Radiation dose (Gy)          0.64 (0.44*--*0.92)   0.015      0.76 (0.53*--*0.99)   0.047

Multivariate model includes variable with p\<0.05 by univariate analysis

Squam.=squamous cell type, GKR=gamma knife radiosurgery, Gy=grey

![Receiver operating characteristic (ROC) curves showing the relationship of recurrence to tumor diameter (left column) and radiation dose (right column): Area under the ROC curve (AUC) was 0.79 for tumor size and 0.60 for radiation dose. Dotted line represents the no-discrimination line.](2186-3326-74-0141-g002){#fig2}

![Kaplan-Meier estimates: Recurrence-free survival after GK therapy between patients with a tumor diameter of ≥19 mm (solid line, n=46), which was determined as the cut-off level using ROC analysis, and patients with a tumor diameter of \<19 mm (dotted line, n=54).](2186-3326-74-0141-g003){#fig3}

![Kaplan-Meier estimates: Recurrence-free survival after GK therapy between patients receiving a radiation dose of \<13.2 Gy (solid line, n=84), which was determined as the cut-off level using ROC analysis, and patients receiving a radiation dose of \>13.2 Gy (dotted line, n=16).](2186-3326-74-0141-g004){#fig4}

DISCUSSION
==========

The treatment of craniopharyngioma is still controversial. Total removal is the goal for benign tumors, but this is often difficult without damaging the surrounding critical organs such as the optic nerve, hypothalamus and pituitary gland. Moreover, the rate of recurrence is not inconsiderable.^[@ref1],[@ref2])^ Partial removal with conventional radiotherapy is another option. Better tumor control and higher survival rates have been achieved,^[@ref3],[@ref6]-[@ref9])^ but complications of radiotherapy remain problematic; optic neuropathy,^[@ref18])^ hypopituitarism and mental^[@ref19])^ or cognitive disturbance^[@ref20])^ have been reported. Maximum dose (55\~60 Gy), a fractional dose of 1.8 Gy/day, patient age \<50 years,^[@ref3],[@ref7],[@ref8])^ tumor size (\<5 cm)^[@ref4])^ and early adjuvant radiotherapy^[@ref5])^ have been pointed out as factors indicative of good outcome.

After the invention of GKR in 1967, Leksell and Backlund *et al*. advocated the use of radiosurgery for craniopharyngioma^[@ref21])^. However, it took two decades to apply modern imaging techniques such as CT or MRI for dose planning. A new treatment strategy for craniopharyngioma was developed in this study using intentional partial removal followed by GKR as the initial treatment. The results of combined microsurgery and GKR for craniopharyngioma have revealed high response and survival rates with lower morbidity in previous studies.^[@ref11],[@ref12],[@ref14],[@ref15])^ A variety of factors predictive of a favorable outcome after treatment of residual or recurrent tumors by GKR have been reported. These include patient age, the nature of the tumor, tumor size, marginal dose, and the number of surgical treatments before radiosurgery.^[@ref14])^ Others have advocated histological subtype,^[@ref22])^ intratumoral homogeneous irradiation using multiple isocenters,^[@ref10])^ distance from the tumor to the optic nerves, and tumor radiosensitivity^[@ref16])^ as prognostic factors.

The present statistical analysis verified that the most significant factors were marginal dose and tumor diameter. With regard to these two factors, we previously studied the effects of dose and size reduction to optimize the effects of radiosurgery.^[@ref15])^ Upon comparison with our initial 33 cases,^[@ref14])^ we found that the control rate decreased from 84.8% to 79.4% and the progression rate increased 15.2% to 20.4%, whereas the rate of complications, such as hypopituitarism and visual deterioration, decreased from 15.1% to 6%.^[@ref15])^

From a study of 19 CR cases, we speculated that the factors indicative of a favorable outcome were higher patient age (mean, 37.4 years), solid tumor, smaller tumor diameter (mean, 15.9 mm), fewer previous treatments, and a marginal dose of 12.1 Gy, which was thought to be an effective dose for CR.

A current ROC study showed for the first time that a tumor diameter of less than 19 mm and a marginal dose exceeding 13.2 Gy were factors significantly predictive of a favorable outcome after radiosurgical treatment of craniopharyngioma. The higher the marginal dose, the better the anti-tumor effects will be, but the greater the incidence of complications to critical organs in the tumor vicinity. Chiou *et al*.^[@ref11])^ used a higher mean marginal dose of 16.4 Gy and obtained a CR rate of 40% and a control rate of 80%, but noted that cyst enlargement occurred in 30% and visual deterioration in 20%. Ulfarsson *et al*.^[@ref23])^ used an even lower mean dose of 7 (2.5\~15) Gy and obtained a lower control of 36%, a response rate of 23% and a high recurrence rate of 63.6%, with an even higher rate of visual deterioration (42.1%).

On the other hand, the optimal radiation dose for craniopharyngioma is still unknown. It may be possible to regard it as 13.2 Gy, which will deliver a maximum anti-tumor effect but might be hazardous to the surrounding brain, especially to the optic nerves.

With regard to the optic nerve dose in gamma knife radiosurgery, the safe dose has been believed to be less than 10 Gy.^[@ref18])^ A marginal dose of 13.2 Gy may be high enough to give rise to optic neuropathy when the size of tumor is large and/or the distance to the optic nerves is short in cases of craniopharyngioma. There will be some radiobiological solutions to this dilemma. The first is to increase the distance from the optic nerve to the tumor.^[@ref16])^ Second, the volume of the tumor can be reduced by surgery in order to decrease the burden on the surrounding normal brain tissue.^[@ref24])^ Third, multiple, small isocenters can be used in dose planning to decrease the burden on the surrounding normal brain tissue.^[@ref25])^

Finally, the application of stereotactic radiotherapy for craniopharyngioma^[@ref26]-[@ref28])^ will be indicated in cases where a large tumor involving the optic nerve or hypothalamus makes surgical intervention difficult or impossible, although a large number of cases and longer follow-up are necessary to establish the feasibility of this approach.

CONCLUSIONS
===========

From a statistical analysis of 100 cases of craniopharyngioma treated with microsurgery and gamma knife radiosurgery, it was found that the factors significantly indicative of a favorable outcome were radiation dose and tumor diameter. A tumor diameter of less than 19 mm and a marginal dose of more than 13.2 Gy are factors favoring a good outcome after stereotactic radiosurgery for craniopharyngioma.

The outcome is dependent on a balance between the optimal dose for achieving a maximum anti-tumor effect and minimizing damage to the optic pathway or the hypothalamic-pituitary axis.
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